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ABSTRACT
Due to the continually increasing popularity of metal powder-based additive manufacturing as a production process in recent years, there
has been growing research into improving the surface quality of the parts manufactured in this way. Laser polishing offers great potential as
a finishing technique due to its flexibility and suitability for automation. However, the complexity of components that can be produced with
additive manufacturing processes presents challenges in developing practical and flexible arrangements for implementing a laser polishing
process. In this paper, we offer methods to manage height variations of parts using weakly focused beams, process components that are
(roughly) cylindrical using rotational stages, and polishing of internal surfaces using simple optics. As an example application, we present
finishing of additively manufactured cobalt chrome dental implants to a surface roughness of 0.45 μm in only 60 s using a low-cost fiber
delivered diode array laser.
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I. INTRODUCTION
Laser polishing is a surface processing technique to improve
surface finish using a high-power laser beam. Absorption of the
laser energy on a localized area on the surface of a material leads to
the formation of a melt pool, and the material flow due to surface
tension provides a smooth finish once resolidified (Fig. 1).1 The
entire surface of components can, therefore, be processed simply by
scanning the beam over the desired sections, which can be readily
automated.
The focus of this paper is the laser polishing of parts produced
using a selective laser melting (SLM) additive manufacturing
process, built from either titanium alloy (Ti-6Al-4V) or cobalt
chrome (Co-Cr). The SLM process allows complex 3D designs to
be built directly from a computer aided design (CAD) drawing,
minimizing lead times during production and lowering costs of
unique products.2,3 In recent work, we developed optimized param-
eters for the laser polishing process with these two materials to
provide a high-quality surface finish at reasonable process rates.4
Using a continuous wave (CW) fiber laser source, we showed that
it is possible to reduce the surface roughness (Sa) from 1 to 3 μm
for Ti-6Al-4V and from 18 μm for Co-Cr to 0.8 μm in both cases.
It has been shown that the temperature changes during laser
polishing result in a high tensile residual stress on the surface;
however, this can be entirely relieved using standard heat relieving
processing.1
If instead a pulsed laser is used, e.g., 650 ns,5,6 a better surface
finish can be obtained, but only if the initial surface has low rough-
ness7 (e.g., a roughness of 200 nm was reduced to 70 nm), since it
produces a significantly shallower melt pool than a CW laser.5,6,8
However, as-built SLM parts typically have high initial roughness,
so this pulsed laser “micropolishing” is generally not suitable in
this case; also, for the applications of interest here, a final rough-
ness of the order of 1 μm is sufficient.
The SLM process is typically used to make complex parts that
are difficult to fabricate by other means. The laser polishing
process must, therefore, be able to cope, for example, with (i) large
variations in height across the surface area; (ii) blind and through
holes, which could lead to excessive heat accumulation and hence
deformation; (iii) cylindrical parts requiring continuous polishing
around the circumference to prevent “stitching” of polishing areas
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producing tracks; and (iv) internal channels with no direct line of
sight preventing laser irradiation on the surface. These issues are
not typically considered in the literature as parameter mapping is
normally carried out on small planar surfaces. Morrow et al.9 con-
sidered the effects of polishing on the edges of components
showing that sharp edges were significantly affected by laser polish-
ing compared to blunt or square edges that were minimally
changed. Yung et al.10 used a laser polishing process to improve
the surface of concave and convex shapes using a layered approach
in which the focal depth of the laser system and the distance of the
part from focus were adjusted between each layer. This, however,
requires an additional complex process control to manipulate
either the workpiece or optics during laser polishing. In 2015,
Flemmer et al.11 reported an “industry ready” laser polishing
machine capable of finishing glass moulds offering polishing rates
of 40 s cm−2 compared with up to 5 min cm−2 for manual polishing
while also increasing the hardness of the metal improving mould
lifetime.11,12 This is achieved by using a 5-axis machine along with
a 3-axis laser scanner and complex control software to reduce inci-
dence angles preventing elliptical beams.
In this paper, we propose and demonstrate alternative straight-
forward laser polishing approaches suitable for complex 3D parts.
First, a telescope system is used to generate a laser spot with a long
depth of focus to minimize spot size variations on the laser beam
incident on the surface; second, the use of rotation stages is also
demonstrated for cylindrical parts to allow for a continuous process
and reduce stitching effects; and third, internal surface polishing
without direct line of sight is also demonstrated using right-angled
prisms.
II. SURFACE HEIGHT VARIATION
The optimization of laser polishing parameters for various
materials has generally been carried out on planar surfaces,4,5,13–18
in contrast to the actual parts produced using additive
manufacturing that are typically not flat and hence have significant
height variation across the surface. Using a typical focusing lens
and a scan head setup, the spot diameter (and hence the power
density) of the incident beam on the surface will be strongly depen-
dent on this height unless active focus variation compensation is
introduced. Our approach to create a weakly focused beam was,
therefore, to use a telescope to create a 400 μm beam waist diameter
from a high beam quality (M2 < 1.3) SPI 100W-C laser that has an
emission wavelength, λ, of 1064 nm. Using a combination of two
linear stages (THORLABS LTS150/M), the parts are moved under
the stationary spot. A schematic of this optical layout is shown,
Fig. 2, in comparison to a 2-axis galvanometer scan head and
f-theta lens typically used in laser processing systems to highlight
the difference in beam paths.
Using the knife edge method, 1/e2 beam diameter is measured
over a distance of 15 cm after the telescope at a spacing of 2 cm
(Fig. 3). A line has been fitted to these data to show how this beam
propagates beyond this length. The theoretical beam diameter for
the scan head and f-theta lens, W, as a function of propagation
length, z, calculated from Eqs. (1)–(3), is also included for compari-
son.19 This is based on using an f-theta lens with a focal length, f,
of 160 mm and an input beam diameter, D, of 10 mm. To highlight
the improved working range of the two approaches, shaded regions
are included representing beam diameters of 400 ± 100 μm,
W(z) ¼ W20
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ z
ZR
 2s
, (1)
W0 ¼ 2λFπD , (2)
FIG. 1. Schematic diagram of the laser polishing process adapted from Ref. 1.
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FIG. 3. Laser beam diameter as a function of distance for both the weakly focused and scan head setups. The 1/e2 beam diameters (blue crosses) were calculated from
measurements of the 90-10 diameter using the knife edge method. A trendline (blue) is fitted to show the change of diameter with distance. The red line is the calculated
beam diameter after the f-theta lens in the scan head setup. The shaded areas (blue—“weakly focused” setup; red—scan head setup) indicate the region in which the
laser beam diameter is 400 ± 100 μm, as required by the polishing application.
FIG. 2. Schematics of (a) the weakly focused setup and (b) the scan head setup. Telescope constructed using a biconvex lens ( f = 250 mm) and a planoconcave lens
( f =−25 mm), separated by a distance of 225 mm, provides a 400 μm diameter laser spot on the surface of the material.
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ZR ¼ πW
2
0
λM2
: (3)
A. Cranial implants
An application in which laser polishing has a significant
potential benefit is in the finishing of SLM-fabricated cranial
implants, which are tailored specifically to each patient using
medical imaging. A major drawback to this process is the poor
surface quality of the as-built parts. Due to the freeform nature
and thinness (typically 1 mm) of these implants, they are cur-
rently mechanically polished using a semimanual process that
adds hours of skilled work into the production line and
unwanted variability. Laser polishing provides a route to process
automation, improving repeatability between parts and poten-
tially reducing costs.
The large curved shapes typical of cranial implants provide a
large variation in height from the edges to the center. A typical
cross section profile and height map across a section (Fig. 4)
show that the implant used during testing had a height range of
1.5 cm.
The telescope approach described above allows polishing
without additional focus control. To compare the performance of
this approach with the scan head plus f-theta lens, a cranial
implant plate was split into four quadrants, as detailed in Fig. 5: (a)
weakly focused plus scan head setups, (b) weakly focused beam
only, (c) scan head only, and (d) initial surface. The scanning
speed of the laser beam, v, in all cases was set to 16.6 mm s−1,
calculated using Eq. (4) to maintain an energy density, ED,
of 1.5 kJ cm−2 with a laser power, P, of 100W. A hatch spacing
of 280 μm was used to maintain a 30% line overlap. These
parameters were taken from previously carried out optimization
experiments,4
ED ¼ P
W v
: (4)
The initial surface in this case is after an initial mechanical
polished step to remove support structures produced during the
build process. The resulting initial surface has a low surface
roughness and waviness before laser polishing; however, there are
a large number of holes across the surface. The surface height
maps in each region were measured at 5× magnification (Fig. 6)
using an Alicona InfiniteFocus surface profilometer. For each
laser polished region, the surface height map was measured in
two regions: (i) bottom, corresponding to the section of the
cranial implant where the scan head setup provides a 400 μm
beam diameter, and (ii) top, where the beam diameter from the
scan head setup incident on the sample is smaller. No holes can
be seen in the bottom region of the laser polished surfaces and
are significantly reduced in number and depth in the top region.
FIG. 5. Cranial implant plate that has different surface finishes in each quad-
rant. (a) Weakly focused and scan head setup, (b) weakly focused beam only,
(c) scan head only, and (d) initial surface. The initial surface appears darker
because it scatters much of the incident light due to the nature of the surface
features.
FIG. 4. (a) Cross-sectional area and (b) the height map of a typical cranial implant. Height map is measured over the highest section of the implant.
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FIG. 6. Surface profiles imaged using Alicona InfiniteFocus with 5× magnification of the cranial implant after laser polishing.
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FIG. 7. Surface profiles imaged using Alicona InfiniteFocus with 20× magnification of the cranial implant after laser polishing.
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Comparing the bottom and top regions for each quadrant shows
that when the scan head is used, the top regions are less smooth.
This is more evident when comparing the surface roughness and
waviness values at 20× magnification (Fig. 7). A similar approach
was taken in which two areas were measured at the top and
bottom regions in each quadrant. The roughness and waviness
were calculated using a cut-off wavelength of 114 μm. The rough-
ness in each of the laser polished regions is unchanged for both
the upper and lower sections. Comparing the waviness between
the top and bottom regions for each laser polished quadrant
shows that the waviness increases at the top region when using
the scan head setup. This is not the case when using the “weakly
focused” setup, which generates a similar waviness in these two
regions. The waviness is also lower when using the “weakly
focused” setup compared with the scan head.
B. Surface features
Cranial implant plates also typically have some holes on the
surface (in some designs these are closely spaced), which may be of
concern during the laser polishing process. The energy required to
melt the surface in order to polish it could also lead to excessive
heating and hence deformation or even drop-outs around these
holes. Examples are shown in Fig. 8, where polishing was carried
out using the weakly focused beam, without altering the laser
parameters in the vicinity of the holes. As stated previously, an
energy density of 1.5 kJ cm−2 and a line overlap of 30% were used
on all three parts. In the examples shown in the left and center
images, the features were preserved; however, for features that come
to a small point such as those in the righthand image of Fig. 8, the
heat accumulation was too great and caused significant damage to
the features. Using a lower energy density is likely to prevent this
FIG. 8. Laser polishing on parts that have some surface features.
FIG. 9. 3D CAD drawing (a) and top-down view (b) of the rotation setup used to laser polish cylindrical components.
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deformation. This demonstrates that while processes can be created
that are relatively insensitive to the part shape, laser parameters will
still have to be adapted in some cases to prevent heat accumulation.
However, further investigation would be required to determine how
the geometry of these features affects deformation.
III. CYLINDRICAL COMPONENTS
For parts that are cylindrical or similar and, therefore, have no
edge, it is best to carry out laser polishing continuously around the
whole part. This is because the polishing process produces a
border, making it difficult to stitch different areas together. To
accomplish this, a rotary arrangement was developed that uses a
DC motor (RS Pro 413-0600) combined with a linear stage
(THORLABS LTS 150/M) to rotate and move the sample under a
stationary laser spot. This is controlled by a LABVIEW program to
rotate the sample at the correct angular velocity in order to main-
tain the required energy density. The angular velocity of the stage,
ω, measured in RPM is calculated from the time to travel one cir-
cumference at the linear scanning speed, v, used for flat samples
using Eqs. (5) and (6). A schematic of this setup is shown in Fig. 9,
t ¼ v
πD
, (5)
ω ¼ 60
t
: (6)
The line overlap is controlled using the linear stage traveling
at a constant velocity that is set to have moved a distance equal to
one hatch spacing in the time for one full rotation of the part. This
maintains a continuous spiral along the entire length of the
component.
In this case, a fiber delivered diode array laser (BWT
K915FG2RN), which has a maximum power of 150W, was investi-
gated as an alternative, low-cost laser source (albeit low beam
quality with an M2 value of 39). A 4f optical system was imple-
mented to produce a focal spot of 400 μm diameter (measured
at 1/e2). The beam profile can be seen in Fig. 10, and it can be seen
that multimode fiber delivery provides an almost top-hat shaped
beam profile. This will aid the laser polishing process as it provides
a more uniform temperature gradient within the melt pool com-
pared with the Gaussian shaped beam of the fiber laser.16 The
wavelength of this diode array is 915 nm compared with 1064 nm
of the fiber laser, so the absorption may be slightly different.
Dental implants are often produced using additive manufac-
turing techniques, given that their (roughly) cylindrical shape has
the potential to be polished using the rotational stage described
above. The spatial selectivity of laser polishing is beneficial in this
case as dental implants require two distinct surface finishes: a
rough top surface to allow bonding with the tooth crown and a
smooth bottom surface to prevent irritation and bacterial growth
within the mouth. The current finishing technique that is com-
monly used is electrochemical polishing that (as well as involving
hazardous chemicals) is a nonselective process, and, hence, a
second process is required to reroughen the surface to be bonded
to the crown. During laser polishing tests, the top surface of the
dental implants was, therefore, left in the as-built state, exploiting
the spatial selectivity of the process and allowing all surface pro-
cessing to be completed in one stage rather than two or more.
The size and thickness of each implant can vary depending on
the tooth that is being replaced. This can affect the heat accumula-
tion and thus the difference in laser parameters between each
implant. Two variants of the implant were studied, as shown in
Fig. 11. The smaller implant required a lower energy density of
2.0 kJ cm−2 compared with the larger implant (4.0 kJ cm−2). As
FIG. 10. Beam profile measurements of fiber delivered diode array.
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with previous sections, these parameters were based on optimiza-
tion experiments for cobalt chrome.4 Some further optimization
was carried out visually for the two different sized implants. This
was necessary as the lower energy density was created a large
enough melt with the smaller part to reduce the surface roughness.
A line overlap of 50% was used in both cases. The processing time
in each case was 60 and 120 s for the small and large implant,
respectively. The surface profile of the implants before and after
laser polishing is also shown in Fig. 11. The as-built surface rough-
ness, Sa, was reduced from 5.6 to 0.45 μm after laser polishing for
the smaller implant and 4.9 to 0.63 μm for the larger.
IV. INTERNAL CYLINDRICAL SURFACES
Additive manufacturing, due to its layer-by-layer approach,
allows for straightforward creation of complex internal structures
that can provide strong but lightweight structures or cooling
channels. These internal surfaces, however, pose a challenge for
laser polishing as there is often no direct line of sight. A possible
solution to this is to reflect the light using a right-angled prism
onto the surface, as shown in Fig. 12. A right-angled prism
(THORLABS PS610) is mounted on a 0.5-in. lens tube attached
to a rotation stage (THORLABS PRM1/MZ8). These parts were
selected due to the availability as standard parts. This allows the
laser light to be aligned to the center of the lens tube and the
prism rotating on the lens tube provides the spot 360° of rotation
around the internal surface of a 30 mm diameter cylinder. The
weakly focused beam demonstrated in Sec. II is used for ease of
alignment. A flow of argon inert gas was directed toward the
prism to prevent oxidation of the surface. The rotation stage is set
to a rotational speed of 1.26 rad s−1 to maintain an energy density
of 1.5 kJ cm−2 on the internal surface that has a diameter of
27 mm. After polishing, the cylinder was sectioned to measure the
internal surfaces. The photographs of the internal surface are
shown in Fig. 13. The surface profiles were subsequently mea-
sured (Fig. 14), and roughness and waviness were measured to be
FIG. 11. 3D surface maps of small (top row) and large (bottom row) as-built and laser polished dental samples. The upper part of each sample is the original as-built
surface, and only the lower area was laser polished.
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0.51 and 3.6 μm, respectively. This is an improvement from an
initial roughness of 6.3 μm and a waviness of 7.2 μm. During pro-
cessing, some back spatter was observed, which can damage the
prism. This highlights possible limitations of the process in how
close the prism can be to the processed surface. The size of the
lens tube and prism that were used within this setup currently
restrict the lower limit to the internal diameter of the cylinder due
to the back spatter observed during processing. Implementing a
smaller prism and lens tube would enable smaller cylinders to be
processed; also, it is planned in future to further reduce this diam-
eter by using an optical fiber with an angled end-face to replace
the prism.
FIG. 12. 3D CAD drawing (a) and top-down view (b) of
the internal laser polishing setup. Sectioned view (c) of
the center of the rotation stage showing the laser beam
path.
FIG. 13. Photographs of the internal surface of a hollow cylinder, which has been sectioned after polishing to view the polished area. (a) shows the full length of the cylin-
der and (b) shows closer to the surface.
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V. CONCLUSIONS
In this paper, we have demonstrated various practical
approaches to laser polishing of realistic 3D SLM-fabricated parts.
The particular approach used depends on the type of part to be post-
processed. For surfaces with large changes in height, a solution is to
use a laser beam with minimal divergence, created by using a simple
telescope. This was demonstrated with cranial implants. For parts
with relatively small changes in surface height, meanwhile, it is possi-
ble to use a lower beam quality, lower cost laser system, as demon-
strated with dental implants, and a rotary stage. Finally, by using a
right-angled prism to redirect the laser beam, we were able to laser
polish the internal surface of a hollow cylinder. This technique could
be used to improve the surface quality of internal channels that pre-
viously would have been unreachable with this laser process.
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